https://mc06.manuscriptcentral.com/apnm-pubs Although it is known that altitude impairs performance in endurance sports, there is no consensus on the involvement of energy substrates in this process. The objective of the present study was to determine whether the metabolomic pathways used during endurance exercise differ according to whether the effort is performed at SL or at moderate ALT (at the same exercise intensity, using proton nuclear magnetic resonance, 1 H NMR). Twenty subjects performed two 60-min endurance exercise tests at sea level and at 2150 m at identical relative intensity on a cycle ergometer. Blood plasma was obtained from venous blood samples drawn before and after exercise. Proton NMR spectral analysis was then performed on the plasma samples. A multivariate statistical technique was applied to the NMR data. The respective relative intensities of the sea level and altitude endurance tests were essentially the same when expressed as a percentage of the VO 2 max measured during the corresponding incremental maximal exercise test. Lipid use was similar at sea level and at altitude. In the plasma, levels of glucose, glutamine, alanine and branched-chain amino acids had decreased after exercise at altitude but not after exercise at sea level. The decrease in plasma glucose and free amino acid levels observed after exercise at altitude indicated that increased involvement of the protein pathway was necessary but not sufficient for the maintenance of glycaemia. Metabolomics is a powerful means of gaining insight into the metabolic changes induced by exercise at altitude.
Introduction
It is well known that altitude impairs performance in endurance sports, despite the presence of many interindividual differences related to the magnitude of the altitude, the degree of acclimatization, endurance training status and probably other parameters that have yet to be identified (Keys et al. 1936 , Gore et al. 1996 , Mollard et al. 2007 ). Although performance is the result of a complex combination of physiological parameters, substrate use has a major role in endurance sport.
Several groups of researchers have investigated substrate use at high altitudes (3000-4300 m) or during severe hypoxia at sea level (SL); however, these literature data are contradictory. At the same absolute work rate, carbohydrate use was reportedly higher during exercise at high altitude (4300 m) than during exercise at SL (Brooks et al. 1991 , Roberts et al. 1996 . In contrast, a few studies have observed that high altitude or severe hypoxia has no influence on carbohydrate use (Bouissou et al. 1987, Lundby and Van Hall 2002) . However, the interpretation of these findings is complicated by the use of a higher relative intensity of exercise at altitude, which would tend to increase reliance on glucose as a fuel (Brooks and Mercier 1994 , Beidleman et al. 2002 , Mazzeo 2008 . During exercise at altitude, carbohydrate might contribute more to the total energy yield because free fatty acid oxidation requires more oxygen per ATP molecule synthetized than the complete oxidation of carbohydrates (Hinkle et al. 1991) .
Despite the fact that many popular endurance sports (such cross-country skiing, ski mountaineering and trail running) are performed at moderate altitudes (i.e. at between 2000 and 3000 meters above SL), few studies have been performed in this setting. Furthermore, most sports training camps take place located at moderate altitude. In fact, substrate use at moderate altitude has not been extensively investigated. The results of a study by Katayama et al. (2010) suggested that carbohydrate use is higher during exercise at 50% of VO 2 max performed at a simulated altitude of 2000 m than the same exercise during normoxia (at the same relative intensity). Furthermore, the intensity applied by Katayama et al. (2010) (50% of VO 2 max) is also relatively low for endurance exercise in the field. Indeed, it is well known that the intensity of endurance training is usually situated between the first ventilatory threshold (VT1, i.e. 40-60% of VO 2 max) and the second first ventilatory threshold (i.e. 60-90% of VO 2 max) (Hawley et al. 1997) .
Another point relates to the small number of key metabolites assayed in the majority of studies seeking to test specific biochemical hypotheses (Braun et al. 2000 , Katayama et al. 2010 . It is well known that metabolic pathways such as glycolysis and lipolysis interacted significantly through a large number of metabolites. Hence, we hypothesized that gaining a comprehensive view of the metabolome and its modulation by exercise at moderate altitude might help to reveal the underlying mechanism and novel (possibly unexpected) markers of performance and metabolic adaptation to hypoxia. This approach is possible with metabolomic techniques, i.e. the identification and quantification of a large set of metabolites present in living organisms (Wilson 2008) . Recent research on human subjects and animal models has generated fascinating metabolomic data on strenuous endurance exercise (Pohjanen et al. 2007 , Lewis et al. 2010 , strength-endurance training (Yan et al. 2009 ), vigorous exercise, the effect of a specific diet on exercise performance (Kirwan et al. 2009 ) and the effect of the post-exercise ingestion of rehydration drinks (Chorell et al. 2009 , Miccheli et al. 2009 
Methods

Participants
Twenty healthy male volunteers were included in the study. The mean ± standard deviation (SD) age, height and body mass were respectively 39 ± 4.3 years, 178 ± 5.3 cm, and 76 ± 9.0 kg. The mean body mass index was 24.3 ± 2.3, and the mean fat mass was 18.9 ± 3.6%. All the study participants lived at SL and participated in educational or recreational physical activities at low to moderate intensities, in most cases. The participants trained for an average of 9 ± 3 hours per week and have a mean VO 2 max (measured at SL) of 53 ± 8 ml.min -1 .kg -1 . None of the participants were smokers, and none were taking medications or vitamin supplements. All were free of infections and cardiopulmonary conditions that would have contraindicated exercise. All the volunteers were informed about the experimental procedures and gave their written, informed consent to participation. The study protocol was approved by the local independent ethics committee (Consell General de l'Esport, Catalunya, Spain).
Study design
In order to control for the effect of nutrition on substrate use during exercise, the participants were told to follow a standardized diet on the day preceding the exercise tests. The dietary plan provided 55% of the energy as carbohydrate, 30% as fat, and 15% as protein. On the morning before exercise testing, the participants were given a standardized meal. All participants performed a test on an ergometer cycle (Racer 9, Kettler, Germany) under two distinct conditions: first at SL and then (two weeks later) at an altitude 2150 meters (ALT).
Firstly, an incremental maximal exercise test was performed in order to determine performance parameters in general and VT1 in particular, as described by Wasserman et al. 1973 . The exercise started with a 3 min warm-up period at 60 W and a pedalling rate of 70 rpm. The workload was then increased by 30 W every minute until exhaustion. The test was considered to be maximal if at least three of the following criteria were met: (i) an increase in VO 2 of <100 ml for the last increment in the work rate, (ii) achievement of the age-predicted maximal heart rate (HR) [210-(0.65 age) ± 10%], (iii) a respiratory exchange ratio (RER) above 1.1, and (iv) inability to maintain the imposed pedalling rate despite maximal effort and verbal encouragement.
Secondly, 24 h after the incremental maximal exercise test, participants performed a 60-minute endurance exercise test at the previously determined VT1. The endurance test began at 60 W for 3 minutes. Before every test session, the gas analyzer was calibrated according to the manufacturer's specifications, using a 3-l syringe and a gas bottle of known O 2 and CO 2 concentrations (16% and 5%, respectively). Throughout the test, each participant was equipped with a chest belt (Polar Electro, Kempele, Finland) in order to continuously record the HR (beats.min -1 ). Blood haemoglobin O 2 saturation (SpO 2 ) was measured throughout the tests with an oximeter (Nonin Medical Inc., Plymouth, MN, USA) equipped with an ear sensor.
Blood samples
Blood samples were collected from the median cubital vein (in the cubital fossa anterior to the elbow) in a 7 mL lithium-heparin tube before (T0) each endurance exercise test session and after 60 min at VT1 (T60). At the blood sampling time point at T60, the participants were still pedalling (in order to maintain their effort at VT1). Plasma was separated by centrifugation for 10 min at 2500g and 4°C. The plasma samples were divided into aliquots and stored at -80°C until analysis.
H NMR spectroscopy analysis
Plasma samples were thawed at room temperature. 450 µL of plasma were placed in a 5 mm NMR tube, along with 100 µL of deuterium oxide (for field locking). The proton spectra were acquired at 300 K on a 500 MHz Avance III spectrometer (Advance III spectrometer, Bruker, Germany) with a 5 mm reversed QXI Z gradient high resolution probe (Bruker). Free induction decays (FIDs) were acquired using a one-dimensional nuclear
Overhauser effect spectroscopy (1D-NOESY) sequence for water suppression, with a 2 s pre-acquisition delay, a 100 ms mixing time and a 90° pulse. The FIDs were collected as 32K complex points in a spectral window of 10000 Hz and 64 transients after four silent scans. The use of a 1D-NOESYsequence does not interfere with the lipid resonance. The FIDs were processed with NMRpipe software. The exponential Fourier transform produced a 0.3 Hz line broadening. Spectra were phased, and a 10-point baseline correction was applied. Each spectrum was calibrated using the alanine signal at 1.48 ppm. The spectral region between -1 ppm and 11 ppm was divided into 12000 spectral buckets (width: 0.001 ppm), using an in-house MATLAB script. The water region (between 4.6 and 5.15 ppm) was excluded. Probabilistic quotient normalization was used to obtain the X matrix for statistical analysis (Dieterle et al. 2006 ) and correct for concentration effects related to possible dehydration after the race.
All variables were autoscaled before multivariate statistical analysis.
Statistical analysis
To compare the plasma spectra at T0 and T60, models were computed with a paired set of samples from the same participant at SL and at ALT, as described by Westerhuis et al. (2010 A score plot and a loading plot were used to illustrate the results. In the score-plot, each point represents the projection of an NMR spectrum (and thus a plasma sample) on to the model's predictive component (Tpred, horizontal axis) and first orthogonal component (Torth, vertical axis). The loading plot represents the covariance between the Y-response matrix and the signal intensity of the various spectral domains. Colours were also used in the loading plot, depending on the R value for the correlation between the corresponding bucket intensity and the Y variable. Metabolites were considered as to be discriminant when they corresponded to buckets with R≥0.5.
Spectral regions were then investigated, in order to identify the metabolites responsible for the classification.
Metabolites were identified by using the Human Metabolome Database (University of Alberta, Canada; Wishart
2007).
A paired t-test or Wilcoxon's test was used to analyse SL vs. ALT differences in cardiorespiratory parameters.
For all tests, the threshold for statistical significance was set to p<0.05. Analyses were conducted using SigmaStat software (version 3.5, Systat Software Inc., San José, CA, USA). Data are quoted as the mean ± SD.
Metabolomic results Figure 1 represents the PCA applied to data after the endurance tests (T0) at SL and at ALT. The PCA probed the homogeneity of the subject's metabolic profile before the test at SL and at ALT. The model was not able to discriminate between SL T0 samples and ALT T0 samples, which indicated than the participants' metabolic profiles were homogeneous before exercise at SL and at ALT. However, two of the samples (an SL sample and an ALT sample for the same participant) were clearly outliers. This participant had a particular diet, including a high proportion of oil-containing foods (such as olives, seeds and nuts). This participant was excluded from subsequent analyses.
The spectra of plasma samples obtained at T0 and T60 at SL were first compared using the paired method. The PCA demonstrated that the SL samples were homogeneous, albeit with a slight separation between T0 samples and T60 samples (Fig 2a) . In a comparison of the T0 and T60 spectra at SL, the OPLS model (Fig 2b) displayed good statistical parameters (R 2 Y= 0.977 and Q 2 Y= 0.726). The permutation process validated this model, since none of Q2T values obtained by permutation was higher than the Q2Y value obtained with non-permuted data.
The loading plot (Fig 2c) indicated the correlation between the spectral regions and prediction axis. The spectral regions with a correlation over |0.5| are listed in Table 2 , along with their assignments to metabolites. These regions correspond mainly to the glycerol signal (which was higher at T60 than at T0) and the lipid signal (which was lower at T60 than at T0). Likewise, the PCA demonstrated that the ALT samples were homogeneous, albeit with a slight separation between T0 samples and T60 samples (Fig 3a) . In a comparison of the T0 and T60 spectra at ALT, the OPLS model (Fig 3b) displayed good statistical parameters (R 2 Y = 0.990 and Q 2 Y= 0.756). Again, the permutation process validated the model. The loading plot (Fig 3c) indicated a correlation between the spectral regions and the prediction axis. The spectral regions with a correlation over |0.5| are listed in Table 2 , along with their assignments to metabolites. These regions corresponded mainly to glycerol and lactate signals (which were higher at T60 than at T0) and to lipid, glucose, glutamine, alanine and branched-chain amino acid (BCAA) signals (which were lower at T60 than at T0).
D r a f t
Discussion
The objective of the present study was to determine whether the metabolomic pathways used during endurance exercise differed according to whether the effort is performed at SL or at moderate ALT (at the same exercise intensity).
1 H NMR spectroscopy is an efficient, robust, cost-effective metabolomics technique for acquiring metabolic profiles without the need for extensive sample preparation. Here, application of a metabolomic method revealed changes in the three main metabolic pathways (carbohydrate, lipid and protein pathways) induced by exercise at moderate ALT (relative to SL). Previous research (using biochemical methods) had shown partial modulation of these pathways, whereas NMR-based metabolomics simultaneously harvested information on various metabolites in a single spectrum (Gao et al. 2008 ) -thus facilitating the rapid identification of the metabolic pathways involved in exercise. With regard to inter-individual variations in metabolic profiles during exercise, it is very well known that diet has a major effect (Chorell et al. 2009 , Miccheli et al. 2009 , Kirwan et al. 2009 ). In the present study, we reduced (but did not eliminate) inter-individual variability by asking the participants to follow a standardized diet for 24 hours before the exercise sessions and on the day of the tests. We therefore used a paired sample approach to model the data; each participant acted as his own control, thus minimizing intra-individual variations (Westerhuis et al. 2010) . Maximal exercise tests at SL and ALT were used to determine VT1, allowing us to minimize bias related to the exercise intensity at SL and at ALT. Our data confirmed that the same degree of physiological stress was present during endurance exercise at SL and ALT, with a similar relative intensity (69% of VO 2 max at SL vs 70% at ALT, for VO 2 max measured during the incremental maximal exercise test). Our tests at SL and at ALT were not performed in random order. We are aware that the lack of randomization may have influenced test learning. However, the study participants were active recreational athletes who were already familiar with endurance cycling. Given that the ALT test was truly performed at altitude (and not at SL under hyperbaric conditions), logistic constraints prevented us from using the same equipment for exercise sessions and measurements at both SL and at ALT.
As has also been described in the literature, VO 2 , power output and SpO 2 during exercise were significantly lower at ALT than at SL (Gore et al. 1996 , Gaston et al. 2016 ). While no difference was observed for the VE during exercise between SL and ALT, VE/VCO2 was higher and PetCO 2 was lower at ALT when compared to SLsuggesting excessive hyperventilation and poor ventilatory efficiency (Mollard et al. 2007 ). The RER measured at T60 was greater at ALT than at SL, which is suggestive of greater glucose use at moderate ALT. Nevertheless, the RER may have been influenced by several parameters, such as the pre-test diet and overnight fasting (Jansson 1982 , Beidleman et al. 2002 . This bias was minimized in the present study because participants ate the same diet The NMR metabolomic profiles described above showed that metabolic adaptations to endurance exercise differed at SL and at ALT. Hence, these results confirmed our hypothesis whereby metabolic energy supply pathways differ at SL vs. ALT. The main differences concerned glucose and free amino acid levels but not lipid.
Indeed, at the same relative exercise intensity (VT1) at SL and at ALT, lipid use was similar but glucose, glutamine, alanine and BCAA levels were lower in the metabolome profile at T60 at ALT. These metabolites were not discriminant in the OPLS model calculated for the SL test. Likewise, lactate was elevated at ALTperhaps due (at least in part) to increased glycolysis, as suggested by Katayama et al. (2010) .
It is well known that lipids are consumed during moderate endurance exercise Mercier 1994, Horowitz and Klein 2000) . An increase in glycerol content results from the release of free fatty acids from triglycerides. Our data did not reveal an SL vs. ALT difference in lipid metabolism. This is in agreement with literature data suggesting that at equivalent relative workloads (as a percentage of VO 2 max), lipid substrate use is unchanged during acute and chronic hypoxia (Lundby and Van Hall 2002) .
According to the metabolomic profiles, glycaemia fell during the test at ALT but not at SL. In the present study, the RER measured at T60 was also higher at ALT than at SL. Taken as a whole, our results suggest that glucose utilization is greater at ALT. Likewise, Katayama et al. (2010) showed that exercise at moderate relative intensity (50% of VO 2 max) at simulated moderate ALT (2000 m) increased carbohydrate use. At higher ALT (4100 m), Lundby and Van Hall (2002) reported that glucose metabolism is the same as at sea level. The ALT tested in our study (i.e. 2150 meters) may have been associated with significant levels of hypoxic cellular stress and greater use of glycolytic fibres during exercise -resulting in a fuel shift from lipid oxidation to carbohydrate oxidation.
During exercise at ALT, it seems that stable glycaemia could not be maintained by lipid oxidation.
Our metabolomic approach assessed the three main metabolic pathways. The participants' metabolomic profiles also demonstrated that protein pathways were involved in exercise at ALT but not at SL. At SL, Bergström et al. (1985) have found that BCAA muscle concentrations were the same before and after exercise at 50-70% of VO 2 max. At ALT, our results agree with Bigard et al.'s (1993) report that repeated, daily sessions of longduration exercise induced a significant alteration in the plasma amino acid pattern. The lower plasma BCAA, glutamine and alanine levels after exercise at ALT suggest that enhanced proteolysis and/or energy substrate supplementation are required to maintain glycaemia (Levin et al. 1983) . Shimizu et al. (2011) have shown that BCAA supplementation has a moderate but useful positive effect on fatigue when trekking at 2750 m.
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